The standard platform for silicon photonics has been ridge or channel waveguides fabricated on silicon-on-insulator (SOI) wafers. SOI waveguides are so versatile and the technology built around it is so mature and popular that silicon photonics is almost regarded as synonymous with SOI photonics. However, due to several shortcomings of SOI photonics, novel platforms have been recently emerging. The shortcomings could be categorized into two sets: (a) those due to using silicon as the waveguide core material; and (b) those due to using silicon dioxide as the bottom cladding layer. Several heterogeneous platforms have been developed to address the first set of shortcomings. In such important heterogeneous integrated photonic platforms, the top silicon layer of SOI is typically replaced by a thin film of another optical material with a refractive index higher than the buried oxide (BOX) bottom cladding layer. Silicon is still usually preferred as the substrate of choice, but silicon has no optical functionality. In contrast, the second category of solutions aim at using silicon as the core waveguide material, while resolving issues related to the BOX layer. Particularly, one of the main drawbacks of SOI is that the BOX layer induces high optical loss in the mid-wavelength infrared (mid-IR) range. Accordingly, a host of platforms have been proposed, and some have been demonstrated, in which the BOX is replaced with insulating materials that have low intrinsic loss in the mid-IR. Examples are sapphire, lithium niobate, silicon nitride and air (suspended Si membrane waveguides). Although silicon is still the preferred substrate, sometimes a thin film of silicon, on which the optical waveguide is formed, is directly placed on top of another substrate (e.g., sapphire or lithium niobate). These alternative substrates act as both mechanical support and the lower cladding layer. In addition to the demands of mid-IR photonics, the non-SOI platforms can potentially offer other advantages and flexibilities. Examples are different, and sometimes interesting, guided mode properties (e.g., single-mode and single-polarization behavior), enhanced dispersion engineering (wideband anomalous regimes), as well as ease of fabrication and higher thermal conductivity in some cases. The objective of this article is to review this category of non-SOI photonic platforms that use silicon as the waveguide core layer and discuss their challenges and opportunities.
Introduction
Silicon photonics has advanced dramatically since its inception in the 1980s [1, 2] . For the most part, this path of technological development was motivated by the prospect of leveraging the significant advancements in the maturity of fabrication processes developed for the electronics industry [3] . A significant aspect of this was the availability of inexpensive and extremely high-quality silicon substrates. Early implementations of silicon photonic waveguides relied on the low index contrast provided by material doping to form a waveguide core [1] . But soon afterward, a new technology enabled a completely new approach and incredible performance improvements. This was the introduction of silicon-oninsulator (SOI) wafers [4] . The high index contrast afforded by this technology enabled the sophistication of silicon photonics to grow rapidly [5] [6] [7] [8] . Since then, silicon photonics has reached sufficient maturity for commercial telecommunications applications at significant production volumes [9, 10] .
However, silicon has well-known shortcomings in terms of light detection (in the telecommunication band) and light generation at any band [1] . It also lacks second-order optical nonlinearity and suffers from nonlinear absorptions when its third-order optical nonlinearity is exploited [2] . This has motivated heterogeneous integration of other materials ranging from III-V compound semiconductors, germanium, second-and third-order nonlinear optical material (e.g., lithium niobate, aluminum nitride, silicon nitride, high-index nonlinear glasses or metallic oxides) on silicon substrates. The main feature in these approaches is that Si is abandoned as the waveguide core material and replaced with another suitable material for a specific optical functionality. Among others, these approaches have been a main direction in our team's research [11] [12] [13] [14] [15] [16] [17] [18] . These works, as well as related those by other groups, are reviewed recently elsewhere [19] , and hence are not the focus of this paper. Rather, the objective is to review non-SOI devices and platforms, developed by us and others, that use Si as the core waveguide material, albeit sometimes on non-Si substrates, as motivated in the following.
Just as the electronics industry seeded its initial development, silicon photonics for telecommunications may now jump-start the development of related technology for completely different applications. It has long been established that crystalline silicon exhibits a broad transparency window spanning the mid-wavelength infrared (mid-IR) region of 3-8 μm, making it highly valuable for integrated photonics [20, 21] . This important spectral region is crucial to many fields and technologies. Free-space communications [22] stand to benefit greatly from superior immunity to turbulence when implemented at longer wavelengths [23] . Hyperspectral imaging conducted in this spectral region could allow enhanced orbital environmental monitoring [24] . Dual-comb mid-IR spectroscopy could allow the rapid identification of airborne contaminants with extreme precision [25] . To date, solutions to these challenges (capable of mid-IR operation) have been primarily implemented in bulky free-space optical setups with little hope of evolving into field-worthy systems.
It is for this reason that silicon photonics, with decades of work put into the design and fabrication of ultracompact optical devices, has become a prime candidate for mid-IR integrated photonics.
However, silicon is not the only material under investigation for mid-IR integrated photonics. It could be argued that the earlier mentioned applications, while important, will likely never demand the volume that justified the efforts dedicated to integrated telecommunications products. If only thousands of units may be needed over a timescale of years, it makes little difference whether the integrated photonic chip is a few dollars or hundreds of dollars, depending on the complexity of the entire system. Thus, the benefits of other material platforms must be fairly considered with a diminished emphasis on their overall cost, or worthiness for high-volume production.
Nonetheless, silicon has several key advantages, which collectively set it apart from the aforementioned alternative platforms that heterogeneously integrate other materials on silicon substrates, e.g., chalcogenide glass, silicon nitride and semiconductors [26] [27] [28] [29] . Namely, it allows high-index contrast thanks to the ease of patterning and etching silicon waveguides; it is highly stable as a monocrystalline material with excellent thermal and mechanical properties; its refractive index can be guaranteed to an extraordinary precision thanks to mature substrate fabrication; it offers a transparency window bridging the near-to-mid-IR with no absorption peaks interrupting it; and it can be directly integrated with electronics. It should be noted that while amorphous silicon has been considered for mid-IR applications [30] and potentially has benefits thanks to its low-cost substrate preparation, the intrinsic absorption due to hydrogen content drastically limits its transparency window [31] . Furthermore, it has been shown to exhibit instabilities over time [32] , a severe limitation. Thus, it is clear that crystalline silicon stands above many alternatives in this application space.
However, SOI is not an ideal platform for mid-IR integrated photonics. Its buried oxide (BOX) layer exhibits strong absorption at 3 μm and above 4 μm [33] . While it served well for initial investigations of nonlinear photonics in silicon in the mid-IR [34] [35] [36] [37] , as well as integrated detector technology in the ∼2 μm wavelength range [38, 39] it does not provide a complete solution for the first atmospheric transmission window, which spans 3-5 μm. If the thickness of the silicon device layer is increased to avoid overlap into the lossy silicon dioxide at longer wavelengths, it begins to compromise the overall compactness of the system. This has motivated the exploration of alternative platforms for monocrystalline silicon photonics that avoid the use of the BOX layer, in order to maximize their transparency. It is noted that silicon-on-silicon [40, 41] is in principle an alternative to SOI suitable for mid-IR applications. Indeed, doping silicon to create index contrast for vertical optical confinement is the original proposed silicon photonics platform predating SOI [1] . However, the very low vertical index contrast of the waveguides and the free-carrier loss associated with doping silicon renders silicon-on-silicon less attractive. In this work, we review and discuss several other promising high-contrast platforms, each with unique advantages and targeted applications. Some of them were proposed as early as a decade ago [20, 21] , and demonstrated later by various researchers, while some were proposed and demonstrated later.
Silicon on sapphire
Sapphire substrates have been long used for silicon-based electronics thanks to their insulating properties and radiationhardened operation [42] . This platform, known as silicon-onsapphire (SOS), takes advantage of the lattice-matching between silicon and sapphire that is possible for R-planeoriented sapphire substrates [43] , which enables epitaxial growth of crystalline silicon through chemical vapor deposition. Sapphire also exhibits transparency from the visible to roughly 5 μm [44] , enabling it to be used for mid-IR applications concerning the first atmospheric transmission window. SOS substrates are commercially available at relatively low costs, even for low volume purchases. Of course, compared to SOI, SOS does not compete in its cost or volume of manufacturing. But the fact that these finished substrates can be purchased even in a single-unit quantity makes them highly attractive for laboratory studies, which is indeed the first step to demonstrating their feasibility for more advanced projects. Furthermore, their processing is largely similar to that of SOI, allowing them to be investigated without extensive re-tooling of facilities or processes. As will be seen in later sections of this review, several other silicon-based platforms are available with some advantages over SOS, although they require substantial post-processing or substrate preparation. Thus, SOS will likely stand on its own for some time in the domain of shorter-wavelength studies in the mid-IR.
The first experimental demonstration of SOS photonics in the mid-IR was by Baehr-Jones et al in 2010 [45] . In this work, SOS channel waveguides were dry etched via CF 4 plasma (figure 1). Several lengths of waveguides were prepared on a chip, and then tested via the cut-back method with an optical parametric oscillator (OPO). Propagation losses of 4.3 dB cm −1 for the transverse-electric (TE) mode were recorded at a wavelength of 4.5 μm, demonstrating that epitaxially grown films on these substrates could be patterned and used for high-quality optical waveguides at long wavelengths. A minimum bending radius of 40 μm was employed for the cut-back waveguide layouts, and coupling losses onand-off-chip were estimated to be 18 dB/facet, employing single-mode fibers at the input and output. The same research group also demonstrated ring-resonators operating at 5.4-5.6 μm with Q-factors of 3000 [46] . Other devices on the SOS platform were demonstrated by Zou et al including fiberto-waveguide grating couplers with 29% coupling efficiency for the TE polarization [47] at 3.4 μm wavelength, and photonic crystal cavities with a quality factor of 3500 at a wavelength of 3.43 μm [48] .
Improved waveguiding performance on SOS was demonstrated in 2013 by Shankar et al [49] . The waveguides were patterned with pseudo-Bosch etch chemistry, and their propagation losses were improved through post-processing with several chemical oxidation treatments. This led to highquality ring resonators (radius=60 μm) with intrinsic quality factors of 278 000 (figure 2(b)), and a corresponding propagation loss of 0.74 dB cm −1 for the TE-mode at λ=4.5 μm. Grating couplers on the input side were fabricated, with an estimated coupling efficiency of 40%. Coupling losses were estimated to be 6 dB on the output side using horn-shaped output tapers. However, experimental characterization of these efficiencies was not performed in this work. A proof-ofconcept demonstration in gas sensing using SOS ringresonators was demonstrated by the same group in 2015, showing a sensitivity of 5000 ppmv for N 2 O [50] . In the scope of nonlinear optics, supercontinuum generation in SOS waveguides, spanning from 2 to 6 μm, was later demonstrated in 2015 by Singh et al [51] , based on ridge waveguides pumped by a femtosecond laser source. SOS has shown to be a versatile platform enabling a rich variety of photonic devices, and thanks to its affordability and availability, it will likely continue to expand in the coming years for integrated photonics in the 3-5 μm spectrum.
Suspended membranes on SOI
Despite the advantages of SOS, it still has several shortcomings limiting its utility in other integrated photonics applications. The most significant limitation is its limited transparency based on sapphire absorption [44] . Depending on the thickness of silicon used, it may achieve low-loss operation into the low 5 μm range, but it cannot easily be pushed further. This has driven the pursuit of silicon photonic platforms, in which the waveguide solely interacts with airclad silicon. In this section, we discuss the development and application of suspended silicon waveguides built on SOI substrates.
SOI substrates have been previously used as a platform for suspended photonics, though primarily for studies of photonic crystal structures operation at near-IR wavelengths [45] . © The Optical Society. [52, 53] . All such structures are formed by the puncture of the device-layer silicon and a subsequent liquid (or vapor-phase) etch of the BOX layer, forming a suspended silicon membrane. By submersing the structure in etchant for longer periods of time, the extent of the undercut can be controlled, depending on the size of the structure required.
Suspended ridge waveguides on SOI
Suspended SOI membrane waveguides specifically designed for mid-IR operation were first experimentally demonstrated by Cheng et al in 2012 [54] , by a two-step process. In the first step, a ridge waveguide structure was formed by etching a blank SOI wafer. In the second step, a periodic series of holes were etched into the vicinity of the ridges. The membranes were released by a timed liquid etch of the BOX layer, forming a roughly ∼18 μm wide suspended slab region (figure 3). Cut-back measurements were performed for various waveguide lengths, showing TE-mode losses as low as 3.0±0.7 dB cm −1 at a wavelength of 2.75 μm. Light was coupled on and off-chip with grating couplers and singlemode fibers. Waveguide bends with radii of 40 μm were employed. Racetrack resonators were also fabricated and characterized in the mid-IR, showing a Q value of 8100 via thermal tuning through its resonance. Later, focusing subwavelength grating couplers were demonstrated on this platform by the same group, achieving 24.7% coupling efficiency for the TE polarization at λ=2.75 μm [55] , as well as graphene-based photodetectors operating at 2.75 μm [56] . Elsewhere, suspended ridge-type ring resonators were demonstrated at longer wavelengths of 3.4 and 5.2 μm by Xia et al [57] . Improved quality factors of up to 83 000 at λ=3.79 μm were recently demonstrated by Miller et al [58] , through etchless waveguide processing, as well as nanotaper couplers on-and off-chip with a coupling loss of 6-7 dB/ facet. An in-depth mechanical analysis of the tradeoffs involved in parameters such as silicon thickness, etch depth and hole dimensions was performed to assess the prospects of suspended ridge membrane waveguides [54] . Ultimately, the surface perforations, combined with the wide suspended regions, are responsible for introducing significant strain in the silicon structure, constraining it to modest etch depths before damage may occur. Nevertheless, this approach is meritable for several reasons, such as its use of a commonly available substrate, relatively simple fabrication, and that its intrinsic geometry does permit most conventional silicon photonic structures to be readily fabricated.
Sub-wavelength grating waveguides on SOI
An alternative approach to suspended SOI waveguides was proposed and demonstrated in 2014 by Soler Penadés et al [59] . In contrast to the previously described suspended-ridge geometry [54] , this instead utilized surface perforations to simultaneously provide lateral optical confinement, as well as access for undercut etching, simplifying the lithography to one step. It was implemented as a series of rectangular holes of sub-wavelength dimensions on either side of an unetched silicon slab comprising the waveguide core (figure 4). At mid-IR wavelengths, the silicon struts supporting the waveguide could be made small enough to have a diminished scattering effect. Initially, a propagation loss of 3.4 dB cm −1 for the TEmode was achieved at a wavelength of 3.8 μm, with a subwavelength grating period of 300 nm. This structure was later improved upon [60] by widening the core from 1.1 to 1.3 μm, improving the isolation of the mode from the cladding structure, and by using a 4 nm electron-beam spot size compared to 20 nm in the previous work; these improvements led to reduced propagation losses of 0.82 dB cm −1 at 3.8 μm wavelength. Coupling on and off-chip was done by grating couplers. Additionally, several important integrated photonic elements were demonstrated on this platform, such as lowloss bends with radii of 15.7 μm, and a 2×2 multi-mode interferometer with a power imbalance of 0.5 dB and excess loss of 1.6 dB. These were also incorporated into an asymmetric Mach-Zehnder interferometer (MZI), showing a minimum extinction ratio of 15 dB. These promising results show that sub-wavelength grating-based suspended silicon photonics are capable of some essential building blocks for effective performance in the mid-IR. However, as with the previously discussed ridge-type suspended SOI membranes, these structures exhibit mechanical sensitivity introduced by the use of etch-holes. Although the width of the suspended region is significantly narrower in this case, the extent of the surface perforation is much greater compared to ridge-type membranes. Indeed, the structures of [60] incorporated reduced cladding widths of 2.5 μm compared to the prior cladding width of 4 μm in [59] , in order to mitigate this. Furthermore, in order to operate out to the transparency limit of 8 μm as proposed, significantly wider core and cladding dimensions (and concomitant reduced stability) may be required to mitigate lateral leakage loss. Further studies may elucidate the necessary design choices in this matter.
All-silicon optical waveguides
The previous section discussed recent progress on the development of suspended silicon waveguiding structures built on SOI substrates. A necessary element in their implementation is the use of access holes and undercut etching to remove the BOX layer underneath. Effectively, this imposes significant design constraints on the geometries employed, in terms of balancing their mechanical stability with choices such as lateral cladding dimensions or lower air gap thickness. Additionally, the necessity of a thick BOX layer on the SOI substrate inhibits good thermal conduction from the device layer to the substrate. In this section, we discuss the development of another branch of photonic waveguiding structures that are implemented on all-silicon platforms, which mitigate some of these issues and achieve superior mechanical stability.
Suspended-membrane ASOP
The suspended ridge waveguide geometry discussed earlier was seen to have the advantage of generally good compatibility with conventional silicon photonics devices [54] , at the expense of limited mechanical stability from the wide exposed membrane structures and etch-holes which introduce strain. All-silicon suspended waveguides with ridge-like structures have been demonstrated using alternating passivation and etching on bulk silicon substrates [61] , though they possess a strong interaction with roughly etched surfaces and etch-holes used in the process, and are not compatible with dense integration or most conventional photonic waveguide structures. In 2013, we demonstrated a novel suspended ridge geometry, deemed the all-silicon optical platform (ASOP), which effectively addresses the practical issues of other suspended silicon waveguiding platforms [62] . The suspendedmembrane ASOP waveguides are formed in a wafer-bonding process as shown in figure 5(a) . First, a handle die is etched with trenches wherever waveguides or devices are desired. Next, it is bonded to an inverted SOI die. Afterwards, the SOI die backside and BOX layer are removed, leaving a suspended silicon membrane on the handle die, over the trenches. Finally, ridge waveguides are patterned and etched on the handle die, forming the completed substrate ( figure 5(b) ). Since there is no need for undercut etching, the width of the suspended membrane can be determined entirely by the optical leakage requirements, improving its stability. This is further enhanced over other approaches, thanks to the absence of strain-inducing access holes. Also, the silicon membrane achieves a direct connection to the silicon substrate, enhancing its thermal conductivity over SOI-based approaches.
We have fabricated ASOP waveguides [62] starting with SOI wafers with a device layer thickness of ∼2.1 μm. Trenches with widths of 17 μm and a depth of 2 μm were used on the handle die. After bonding and backside removal, 2.4 μm wide ridge waveguides were patterned with contact lithography and etched to a thickness of ∼1.1 μm. Devices 5-7 mm in length were tested with Fabry-Perot measurements as the temperature of the sample was tuned, at a wavelength of 3.39 μm. Light was coupled in through polished facets without tapers on the input and output, using a single-mode fiber at the input and a multimode fiber at the output. The fundamental transverse-magnetic (TM) mode showed propagation losses of 2.8±0.5 dB cm −1 , mainly limited by optical-lithography-induced defects, which could be remedied with electron-beam lithography or non-contact stepper lithography. The TE-mode showed somewhat higher losses of 4.0±1 dB cm . Overall, ASOP shows superior potential for scaling to longer wavelengths, thanks to its enhanced stability enabling wider membranes without compromising stability. It also supports the vast majority of conventional photonic device designs without adaptation. The only price that is paid for the advantages of ASOP is the need for a wafer-bonding and backside-removal step in the process. However, given the limited volume that is likely of interest to mid-IR integrated photonics, the added cost is not significant. Furthermore, the yield of fusion bonding processes is as of the date exceedingly good. A case in point of this is the low cost of commercially available SOI substrates, which themselves depend upon fusion bonding. It should also be noted that the critical surface area for ASOP structures, which is the portion underneath the suspended membrane, never contacts the handle wafer, significantly relaxing the constraints on wafer cleanliness in this case. Work is underway in bringing ASOP technology to the wafer scale, which will enable more advanced photonic devices to be readily demonstrated.
Anchored-membrane ASOP or T-Guides
We recently demonstrated another novel ASOP-based waveguiding platform that realized anchored-membrane waveguides, or T-Guides [63] (figure 6). These structures, like the suspended-membrane ASOP, are achieved through a wafer-bonding process between and SOI and a pre-etched handle substrate. However, instead of patterning the waveguides after the bonding, T-Guides are formed as soon as the wafers are bonded. This is because the trench features on the handle substrate contain a small 'post' of silicon in the middle, which acts as a guiding defect for the waveguide mode once it is adjoined with the silicon membrane donated from the SOI substrate. This provides an even simpler fabrication process than ASOP, since only one lithography step is required and the waveguide is always self-aligned to the center of the trench. It also has the advantage that the post simultaneously serves to further enhance the mechanical stability and thermal conductivity of the membrane and reduce the extent of the overhang required. This robust platform represents a valuable path of exploration for mid-IR integrated photonics given these advantages. To test this, we fabricated silicon-based T-Guides (figure 6(c)) based on a post width of 1.8 μm and a slab thickness of 1.3 μm [63] . The post/trench etch was achieved by pseudo-Bosch etch chemistry, allowing highly vertical features to be preserved in the post. The fabricated T-Guides were 5 cm long, and were measured at this length and at 2 cm for cut-back measurements, showing minimum TE mode propagation losses of 1.75±0.3 dB cm −1 at a mid-IR wavelength of 3.64 μm. Light was coupled on-chip via a lens with a high numerical aperture at the input and a single-mode fiber at the output, with cleaved facets on both sides of the chip. The propagation loss could be lowered even further, since the fabricated sample contained a small oxide layer on the inside of the trenches from the annealing, and the BOX layer was kept on top during testing to protect the sample during cleaving; both of these add some absorption loss which could be easily mitigated in the future for all-silicon devices.
We have also explored other interesting features of the TGuide geometry, both theoretically and experimentally [63, 65] . These structures were found to exhibit wide-band single-mode and single-polarization (SMSP) operation, with silicon-based structures exhibiting a theoretical SMSP window of up to 2.75 octaves. This is shown in figure 7 . This behavior is derived from their semi-infinite (from the direct connections to the substrate in both the post and slab dimensions) and asymmetric (T-shape) geometry. In effect, at most one transverse optical mode can experience the local effective index increase that leads to waveguiding at the junction of the post and slab. This immunity to higher-order modes makes them promising for integrated photonics applications where the beam quality must be maximized for eventual free-space propagation. Furthermore, the asymmetry of the structure generally forces the TM mode into cutoff, except for narrow-post geometries at short wavelengths, meaning these waveguides naturally enforce highly polarized outputs. One disadvantage of T-Guides worth noting is that they are not compatible with the full range of conventional photonic devices, since excessively wide posts can result in substrate leakage. Additionally, since they cannot support multiple transverse modes, multimode interferometers are naturally out of the question. Therefore, they may find the most value when applied to fields such as nonlinear integrated photonics where waveguiding performance and modal management may be more pressing than dense integration. Finally, it is also interesting to note that the T-Guides or anchored-membrane ASOP structures can be readily cointegrated with the suspended-membrane counterparts, simply by modifying the handle substrate to include posts before bonding, allowing the advantages of both platforms to be blended.
Pedestal waveguides
All-silicon waveguides for mid-IR operation can also be fabricated without any suspended membranes. A novel method for fabricating optical waveguides on bulk silicon substrates was demonstrated in 2013 by Chang et al with loss measurements conducted in the near-infrared [66, 67] . Lin et al [68] shortly after employed a similar method for fabricating pedestal-shaped silicon waveguides on bulk silicon substrates, with the purpose of utilizing them for the midinfrared. The fabrication method consists of an initial, shallow silicon etch, followed by cladding deposition and directional etching to expose the silicon on the substrate. Next, an isotropic silicon etch (SF 6 chemistry) is used to undercut the silicon substrate underneath the protected waveguide core. Once a sufficient etch depth for optical isolation has been achieved, the oxide cladding is removed, resulting in a typical structure such as that shown in figure 8(b) . Perhaps the most valuable practical advantage of this approach is that it only requires one inexpensive bulk silicon substrate, rather than specialized SOI wafers. Similar to the discussed T-Guide approach, it also exhibits superior thermal properties compared to those built on SOI. An all air-clad pedestal structure was tested between λ=2.5-3.7 μm, showing only fundamental-mode propagation, and a propagation loss of 2.7 dB cm −1 for the TE mode at 3.7 μm through paper-clip structures with a bending radius of 50 μm. Additionally, 50:50 Y-branch waveguide splitters were fabricated and measured, showing even splitting. Light was coupled on and off-chip via single-mode fibers aligned to cleaved waveguide facets. These pedestal waveguides were also used to perform on-chip liquid sensing of hexane and toluene through evanescent field interaction outside the waveguide core [69] . Pedestal waveguides offer an economical and prototypingready platform for mid-IR integrated photonics thanks to their relaxed substrate and substrate-preparation requirements. However, one notable limitation is that they are not readily compatible with many conventional integrated photonic structures, since the pedestal cannot be very narrow, nor very wide, without collapsing or introducing excessive substrate leakage through the base.
Mid-IR silicon photonics on novel substrates
So far, we have reviewed progress on mid-IR silicon photonic platforms based on sapphire, suspended SOI, or bulk silicon substrates. These approaches rely on commonly available substrates modified to suit a specific purpose, or well-established bonding procedures between silicon substrates. Another class of mid-IR platforms, which we will discuss in this section, instead seeks to replace the BOX lower cladding with more broadly transparent media. Thus, highly stable and general-purpose substrates can be manufactured, but still allow propagation at longer wavelengths than is practical with SOS substrates.
Silicon on nitride (SON)
One promising alternative to silicon dioxide for the lower cladding layer is silicon nitride, transparent up to 6.7 μm wavelength. This represents the SON platform, previously proposed and theoretically investigated in [20, 21, 70] . The relatively low refractive index of silicon nitride of ∼2 permits strong confinement to be retained on this platform, a necessity for practical operation at longer wavelengths. Our team provided the first experimental demonstration of mid-IR waveguiding on the SON platform [71] . The SON substrates were prepared by deposition of silicon nitride on an SOI substrate, followed by spin-on-glass-assisted bonding between silicon dioxide layers 'below' the silicon nitride and out of the reach of the optical mode; this process is depicted in figure 9(a) . After backside removal, the silicon device layer rests atop the buried silicon nitride. Ridge waveguides approximately 2.0 μm wide were measured via Fabry-Perot oscillations (the same method as in [62] ), showing minimum TM-mode propagation losses of 5.1±0.6 dB cm −1 were observed at a measurement wavelength of 3.39 μm. The TE-mode showed losses of 5.2±0.6 dB cm −1 . The coupling method was identical to that used in [62] .
The SON platform has since been used for the integration of quantum-cascade lasers (QCLs) on silicon substrates in 2016 by Spott et al [72] . The active region was evanescently coupled to an SON waveguide underneath, with transitions to passive silicon waveguides outside the active region. The Fabry-Perot lasing cavity was formed by polished, uncoated facets. A single-sided output power of up to 31 mW was observed in pulsed-operation mode at room temperature, at a mid-IR emission wavelength of 4.8 μm. This same integration approach was also used to demonstrate distributed-feedback QCLs by etching gratings into the silicon waveguides of the devices, which were capable of pulsed emission of >200 mW at wavelengths from 4.6 to 4.9 μm, although single-mode operation was not yet achieved [73] . These works demonstrate the broad applicability of the SON platform to advanced integration in mid-IR silicon photonics.
Silicon on lithium niobate (SiLN)
Crystalline silicon possesses inversion symmetry in its crystalline structure, which means it has no second-order optical nonlinearity or Pockels effect. This limits its usage for active optical devices such as modulators. Although plasma dispersion-based modulators [1] have been highly successful for near-IR telecommunications-oriented silicon photonics, they have limited applicability in the mid-IR. One limitation is the quadratic increase in free-carrier absorption with increasing operational wavelength, which leads to significant absorption being coupled to phase changes induced by the free carriers [74] . This means that a pure phase modulator is not practical to achieve with this method at such long wavelengths. A means of solving this problem, and simultaneously broadening the transparency window available, is to transfer crystalline silicon membranes onto a lithium niobate substrate (SiLN), which we first experimentally demonstrated in 2014 [75] . Lithium niobate has been used successfully for decades in the production of high-bandwidth, high-extinction ratio optical modulators [76] . With its broad optical transparency into the mid-IR, it has also been used for mid-IR integrated OPOs with diffused waveguides [77] . SiLN allows the compactness, quality and stability of silicon waveguides to be combined with the electrooptical capabilities of lithium niobate. It is noteworthy that this SiLN heterogeneous approach for mid-IR applications, should not be confused with our other developed technology of thin-film lithium niobate on Si substrates, buffered by an oxide cladding layer, for near-IR electrooptic and nonlinear applications [12] .
We demonstrated channel-type SiLN waveguides arranged into push-pull MZI electro-optical modulators driven by lateral electrodes ( figure 10(b) ) [75] . Integrated mid-IR modulators at a wavelength of 3.39 μm were demonstrated, showing on-chip insertion losses of 3.3 dB, an extinction ratio of 8 dB, TE-mode propagation losses of 2.5±0.7 dB cm −1 , and a half-wave voltage product of 26 V cm. Light was coupled on and off chip via partially etched grating couplers, with a single-mode fiber at the input side and a multimode fiber on the output side. Although the maximum measured modulation frequency was 23 KHz (limited only by the detector response), these devices could be readily adapted to work at GHz speeds by optimizing the electrode configuration, thus providing a valuable means of achieving highperformance optical modulation in the mid-IR for applications such as free-space communication.
Silicon on calcium fluoride
Another mid-IR transparent substrate that has been investigated for silicon photonics, up to wavelengths of 8 μm, is calcium fluoride; this was first experimentally demonstrated in 2014 by Chen et al [78] . Unlike in the cases of ASOP, SON or SiLN, the silicon layer transfer was achieved by Silicon-on-lithium-niobate (SiLN) [75] Multi-functional substrate enabling electro-optic and χ (2) effects, mechanically supportive substrate
Limited transparency window similar to SOS, requires wafer bonding, lack of commercially available substrates
[75]
Silicon on calcium fluoride [78] Nearly perfect transparency window for Si, mechanically supportive substrate
Complex and non-scalable fabrication process, lack of commercially available substrates 3.8 [78] peeling and pressing with a flexible temporary substrate. The silicon membrane was transferred in this way onto a final calcium fluoride substrate, with an area of 1.5×0.8 cm.
Microring resonators with radii of 60 μm (figure 11(g)) were measured with a tunable QCL at 5.2 μm, showing propagation losses of 3.8 dB cm −1 for the TE-mode, and a maximum intrinsic quality factor of 62 000. Light was coupled on and off-chip with inverse tapers and a single-mode fiber on the input, and lensed output coupling. To demonstrate the platform's applicability to on-chip, cavity-enhanced spectroscopy, the resonators were immersed in various cyclohexane solutions with ethanol, toluene, or isopropanol, showing good agreement with the predicted absorption spectra over the limited scanning range of the QCL source used in the experiment. This shows promising initial performance for crystalline silicon on calcium fluoride as a platform, although compatibility with wafer-scale processing is crucial to more extensive studies, and would require further work to optimize membrane transfer at these levels.
Conclusion
Crystalline silicon has proven a reliable choice for integrated photonic technology in the mid-IR spectral region in recent years, despite burgeoning efforts in many other material systems. Although SOI technology still plays a crucial role as a low-cost source of crystalline silicon membranes, the waveguide geometries have evolved into many varieties of suspended or anchored structures. Furthermore, the stability, high optical nonlinearity, ease of processing, and low cost of crystalline silicon have enabled it to succeed on many other substrates or bottom cladding layers, including sapphire, silicon nitride, lithium niobate and calcium fluoride, to accommodate broader wavelengths or advanced photonic functionality. The mid-IR platforms discussed in this work are summarized and compared in table 1.
It can be seen that most crystalline silicon mid-IR platforms demonstrated to date exhibit propagation losses roughly between 0.7 and 3 dB cm . The performance is likely limited by sidewall roughness or lithography defects, given the lack of significant material absorption in highquality crystalline silicon in the range of λ=2.8-5 μm where most of these measurements were conducted. Although there are promising developments to date in basic photonic components on these platforms, dense integration and multifunctional systems yet remain on the horizon. Once the sophistication of telecommunications-sector photonic circuits can be transported to mid-IR silicon photonics, we may see quick payoffs in critical applications for this technology as size, weight and power benefits are realized. 
